Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease affecting motor neurons that leads to progressive paralysis of skeletal muscle. Studies of ALS have revealed defects in expression of acetylcholine receptors (AChRs) in skeletal muscle that occur even in the absence of motor neuron anomalies. The endocannabinoid palmitoylethanolamide (PEA) modified the clinical conditions in one ALS patient, improving muscle force and respiratory efficacy. By microtransplanting muscle membranes from selected ALS patients into Xenopus oocytes, we show that PEA reduces the desensitization of acetylcholine-evoked currents after repetitive neurotransmitter application (i.e., rundown). The same effect was observed using muscle samples from denervated (non-ALS) control patients. The expression of human recombinant α1β1γδ (γ-AChRs) and α1β1eδ AChRs (e-AChRs) in Xenopus oocytes revealed that PEA selectively affected the rundown of ACh currents in e-AChRs. A clear up-regulation of the α1 subunit in muscle from ALS patients compared with that from non-ALS patients was found by quantitative PCR, but no differential expression was found for other subunits. Clinically, ALS patients treated with PEA showed a lower decrease in their forced vital capacity (FVC) over time as compared with untreated ALS patients, suggesting that PEA can enhance pulmonary function in ALS. In the present work, data were collected from a cohort of 76 ALS patients and 17 denervated patients. Our results strengthen the evidence for the role of skeletal muscle in ALS pathogenesis and pave the way for the development of new drugs to hamper the clinical effects of the disease.
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease affecting motor neurons that leads to progressive paralysis of skeletal muscle. Studies of ALS have revealed defects in expression of acetylcholine receptors (AChRs) in skeletal muscle that occur even in the absence of motor neuron anomalies. The endocannabinoid palmitoylethanolamide (PEA) modified the clinical conditions in one ALS patient, improving muscle force and respiratory efficacy. By microtransplanting muscle membranes from selected ALS patients into Xenopus oocytes, we show that PEA reduces the desensitization of acetylcholine-evoked currents after repetitive neurotransmitter application (i.e., rundown). The same effect was observed using muscle samples from denervated (non-ALS) control patients. The expression of human recombinant α1β1γδ (γ-AChRs) and α1β1eδ AChRs (e-AChRs) in Xenopus oocytes revealed that PEA selectively affected the rundown of ACh currents in e-AChRs. A clear up-regulation of the α1 subunit in muscle from ALS patients compared with that from non-ALS patients was found by quantitative PCR, but no differential expression was found for other subunits. Clinically, ALS patients treated with PEA showed a lower decrease in their forced vital capacity (FVC) over time as compared with untreated ALS patients, suggesting that PEA can enhance pulmonary function in ALS. In the present work, data were collected from a cohort of 76 ALS patients and 17 denervated patients. Our results strengthen the evidence for the role of skeletal muscle in ALS pathogenesis and pave the way for the development of new drugs to hamper the clinical effects of the disease.
ALS | muscle AChR | Xenopus oocytes | microtransplantation | qPCR A myotrophic lateral sclerosis (ALS) is a neurodegenerative disease marked by the degeneration of motor neurons. It leads to progressive paralysis ending with the death of the patient 3-5 y after diagnosis. Although most ALS cases are sporadic, about 10% are familial and are linked to monogenic mutations in different genes such as the gene for superoxide dismutase 1 (SOD1), genes encoding RNA-binding proteins such as TARDBP and FUS, or the noncoding region of the poorly characterized C9ORF72 gene (1) . These mutations have been used to develop mammalian animal models that mimic some of the symptomatology and to investigate some of the molecular mechanisms of the disease. In mice, as well as in patients, the first observed disease event is the destruction of the neuromuscular junction (NMJ) (2) . Studies have uncovered defects in the skeletal muscle that occur even in the absence of motor neuron anomalies, supporting the "dying-back" hypothesis in which distal motor endplate degeneration plays a key role in the progression of the disease (2-4). NMJs of ALS patients consistently show electrophysiological properties distinctly different from those of patients with pure denervation (5, 6) . Using muscle biopsies from sporadic ALS patients, we previously characterized the nicotinic acetylcholine currents resulting from the activation of functional acetylcholine receptors (AChRs) (5). Upon denervation, receptors formed by the α1β1γδ (γ-AChR) instead of the α1β1eδ (e-AChR) subunits appear widely distributed over the entire sarcolemma (7, 8) . In ALS patients, in whom muscle denervation and abnormal reinnervation are pathological hallmarks of the disease, both γ-and e-AChRs are present. In addition, we showed that riluzole, the only approved drug available against ALS, may affect AChR function in ALS muscle (6) . These findings strengthen the hypothesis that pathogenic events target the NMJ directly and suggest that its protection could be a useful therapeutic strategy.
The cannabinoid system, consisting of cannabinoid (CB) receptors, endocannabinoids (eCBs), and enzymes involved in the synthesis and degradation of these eCBs, has been shown to be a key player in ALS etiology (9, 10) . The eCB-related molecule palmitoylethanolamide (PEA) induces anti-inflammatory effects through the PPARα receptor without binding to CB receptors and consequently without side effects (11, 12) . Notably, PEA was able to improve pulmonary function and clinical conditions in a single case of ALS (13) . Here, taking advantage of the microtransplantation technique by which cell membranes isolated from human muscle are injected into Xenopus oocytes (14), we investigated whether PEA can modulate AChR currents using voltage-clamp intracellular recordings in oocytes transplanted with membranes from ALS muscle. We measured the composition of AChR subunits in Significance Amyotrophic lateral sclerosis (ALS) is a fatal disease leading to motor neuron degeneration and progressive paralysis. Other studies have revealed defects in skeletal muscle even in the absence of motor neuron anomalies, focusing on acetylcholine receptors (AChRs) and supporting the so-called "dying-back" hypothesis. Our results indicate that the endocannabinoid palmitoylethanolamide (PEA) reduces the rundown of AChRs currents in ALS muscle and can clinically improve patients' pulmonary function. This study strengthens the important role of muscle in ALS pathogenesis and the idea that AChRs can be therapeutic targets.
ALS muscle compared with non-ALS denervated muscle by quantitative PCR (qPCR) analysis. In addition, we studied the effect of PEA in a cohort of ALS patients to determine whether this compound can improve the clinical characteristics of patients, with particular attention to muscle force and respiratory capacity.
Results

PEA Affects the Desensitization of ACh Currents in Oocytes Transplanted
with Muscle Membranes from ALS Patients. We first investigated whether PEA modulates AChR function in Xenopus oocytes microtransplanted with human muscle membranes from patients with the spinal form of ALS and from non-ALS denervated controls (Table S1 ). Functional AChRs from these samples are incorporated into the oocyte's membrane, and application of ACh (5 μM to 1 mM) elicited an inward current with a peak amplitude that depended on transmitter concentration and was sensitive to the α-bungarotoxin (αBuTX) block (5 μM; 30 min of pretreatment; six oocytes; two frogs). For some ALS patients the needle biopsy did not render samples of sufficient quality or quantity to record functional ACh currents (Table S1 ). In oocytes injected with muscle membranes from 10 ALS patients, ACh (500 μM; holding potential, −60 mV) elicited a current (I ACh ) with amplitudes ranging between −9 and −65 nA (40 oocytes; 12 frogs; patients #1-4, 14, 20, and 39-42) (Figs. 1 and 2A and Table S1 ). Similar amplitudes were recorded in oocytes injected with muscle membranes from nine non-ALS denervated control patients (range, −5 to −40 nA; 35 oocytes; 10 frogs; patients #79, 80, 82-84, and 90-93) (Fig. 2B and Table S1 ). Acute coapplication of ACh with PEA (1-100 μM) did not affect I ACh amplitude in either ALS or control membranes (10 oocytes; two frogs; patients #2 and 79) (Table S1 ). On the other hand, prolonged exposure (30 s to 60 min) to 10 μM PEA produced a time-and dose-dependent decrease in I ACh amplitude, reaching a plateau after 10 min of exposure (I ACh decrease: 56 ± 5.2%; 50 oocytes; 12 frogs; patients #1-4, 14, 20, and 39-42) ( Fig. 1 and Table S1 ). We did not observe a further decrease in I ACh amplitude when the PEA concentration was increased to 100 μM (I ACh decrease: 50 ± 7.2%; eight oocytes; two frogs). This effect was reversible and was not influenced by holding potential (I ACh decrease: 51.6 ± 7% at −100 mV; 51.7 ± 6% at −60 mV; 49.8 ± 3% at −40 mV; five oocytes; one frog; patient #14) (Table S1 ). Furthermore, the decrease in I ACh was accompanied by a decrease in current decay time (T 0.5 : 6.5 ± 1.1 s before PEA vs. 3.2 ± 0.8 s after PEA; P < 0.05) (Fig. 1, Inset) , suggesting that PEA, unlike riluzole (5), can influence the rate of I ACh inactivation. To investigate whether PEA affects current desensitization, we studied the effect of PEA on use-dependent current decrease (i.e., I ACh rundown) during repetitive ACh applications (500 μM, 7-s duration, 60-s interval). In oocytes injected with ALS muscle membranes the percentage of remaining I ACh was 46.3 ± 7.2% (40 oocytes; 12 frogs; patients #1-4, 14, 20, and 39-42) (Table S1 ), a value very similar to that observed in oocytes injected with non-ALS denervated muscle membranes (44.2 ± 3.6%; 35 oocytes; 10 frogs; patients #79, 80, 82-84, and 90-93) (Table S1 ). However, after pretreatment for 10 min with 10 μM PEA, we observed a marked (Table S1 ) and 35 oocytes (non-ALS patients #79, 80, 82-84, and 90-93) (Table S1 ). *P < 0.05. Holding potential, −60 mV.
increase in remaining I ACh in both ALS and non-ALS patients (ALS, 70.4 ± 2%; non-ALS, 61.1 ± 6.2%; P < 0.05) (Fig. 2) , suggesting that PEA can reduce the rate of receptor desensitization during repetitive ACh applications. This effect was not related to a change in ACh sensitivity, because PEA treatment did not modify ACh dose-response relationships (EC 50 : 50.1 ± 0.54 μM before PEA vs. 54.4 ± 1.38 μM after PEA; 10 oocytes; two frogs; patients #1, 14, and 20) (Table S1 ). In addition, to reproduce the therapeutic regimen of the patients recruited in this study, we performed further experiments to evaluate whether cotreatment with PEA and riluzole would modify this effect. We found that additional exposure to riluzole did not produce a significant difference in the remaining I ACh compared with PEA alone [PEA: 67.1 ± 2.8%; PEA + riluzole: 68.9 ± 4.1%; 10 oocytes; two frogs; patients #14 and 20 (Table S1 ); P > 0.05].
PEA Affects Only e-AChRs. To elucidate PEA action at the molecular level, we examined the effect of PEA on both e-and γ-AChR isoforms expressed in Xenopus oocytes. In oocytes expressing human α1β1eδ AChRs we found that 10 μM PEA induced a statistically significant increase in remaining I ACh (37.5 ± 11.2% before PEA and 75.5 ± 13% after PEA; ACh = 50 μM; 10 oocytes; two frogs; P < 0.05) (Fig. 3 ). This increase was accompanied by a decrease in I ACh amplitude (79.4 ± 7%). In contrast, oocytes expressing human α1β1γδ AChRs were only weakly sensitive to the same PEA treatment, and neither the remaining I ACh (78.4 ± 10% before PEA and 75.4 ± 16% after PEA; ACh = 50 μM; 10 oocytes; two frogs; P > 0.05) (Fig. 3 ) nor the I ACh peak amplitude (90.3 ± 5.7%) was significantly modified.
Altered Expression of the α1 AChR Subunit in ALS Patients. Our previous studies suggested that ACh sensitivity is decreased significantly in muscle obtained from ALS patients as compared with muscle from non-ALS patients (5, 6). To determine whether an altered AChR subunit composition is related to this change of affinity, we performed qPCR analysis using tissue samples obtained from muscle of ALS and non-ALS patients. Interestingly, we found a fourfold increase in α1 subunit expression in ALS muscle (patients #5, 7, 8, 10, 16-18, 22, 28, 29, 31, and 32) (Fig. 4 and Table S1 ) compared with non-ALS muscle (patients #77, 78, and 81-90) (Table S1 ). We did not find statistically significant differential expression of the β1 (Fig. 4) or γ, δ, and e subunits. To determine whether this α1 up-regulation modified ACh sensitivity, ACh dose-current response experiments were performed with oocytes injected with cDNAs of α1β1eδ AChR subunits (1:1:1:1 cDNA ratio) yielding half-maximal effect (EC 50 ) and Hill number (n H ) values of 18.4 ± 0.8 μM and 1.2 ± 0.01, respectively (Fig. 4, Inset; 10 oocytes, two frogs). In oocytes expressing α1β1eδ AChRs with an increased α1 cDNA ratio (5:1:1:1), the EC 50 was significantly greater (56 ± 7 μM; 10 oocytes; two frogs; P < 0.05), but n H was unchanged (1.0 ± 0.01).
PEA Treatment of ALS Patients Slows the Decline of Pulmonary
Function. To test the clinical applicability of these findings, we investigated the effect of PEA treatment on ALS patients. As shown in Table S2 , 28 patients (16 male and 12 female, four with bulbar-onset ALS and 24 with spinal-onset ALS) were randomly selected to receive 50 mg riluzole twice daily plus 600 mg PEA twice daily (PEA-treated patients). The remaining 36 patients (19 male and 17 female, six with bulbar-onset and 30 with spinalonset ALS) received riluzole only (untreated patients). No adverse events occurred during the study, and all patients completed the protocol with complete compliance. The analysis was performed in all the randomized patients and by intention-totreat for the patients stratified by severity and onset (SI Text).
The demographic data of ALS patients included in this study are given in Table S2 . Clinical and electrophysiological data are summarized in Table S3 . There were no significant differences in demographic variables between groups at baseline: mean age in the PEA-treated group was 65.3 (±10.2) y vs. 62.1 (±9.5) y in the control group; mean age at the onset symptoms was 62.0 (±9.1) y vs. 60.1 (±9.9) y. No significant differences in baseline values between groups were detected for the ALS Functional Rating Scalerevised (ALSFRS-R) and its subscores (15) , the percentage of predicted forced vital capacity (FVC%), the Medical Research Council (MRC) scale for muscle strength, or the compound muscle action potential (CMAP) amplitude of ulnar and phrenic nerves (Materials and Methods, SI Text, and Table S3 ).
For all clinical and neurophysiological variables the repeatedmeasures ANOVA revealed a significant decrease in the average values over time (P < 0.0001). Notably, the decrease in FVC% over time was higher in untreated than in PEA-treated patients (repeated-measure ANOVA, F = 446, P = 0.0154 for Table S1 ). In contrast, no significant change was found in the expression of the β1 subunit. (Inset) Amplitude of currents evoked by various ACh concentrations, expressed as a percentage of the maximal current evoked by 1 mM ACh, plotted as mean ± SEM and best fitted with Hill curves. Averaged EC 50 values and n H in oocytes injected with α1β1eδ cDNAs (1:1:1:1 ratio) were 18.4 ± 3.8 μM and 1.2 ± 0.01 (•); in oocytes injected with α1β1eδ cDNA (5:1:1:1 ratio), the values were 56 ± 7 μM and 1 ± 0.01 (○).
time × treatment effect) (Fig. 5) . Post hoc tests indicated a significant reduction in FVC% among untreated patients between the first and second visits (Tukey-Kramer, P = 0.0003), between the second and third visits (Tukey-Kramer, P = 0.0019), and between the first and third visits (Tukey-Kramer, P < 0.0001) (Table  S3) . On the contrary, no significant reductions in FVC% were detected by pairwise comparisons during the post hoc analysis in PEA-treated patients. These data indicate that disease progressed more slowly in subjects receiving PEA during the 6-mo follow-up. No significant time × treatment effect was observed for the MRC scale (F = 2.49, P = 0.0910), ulnar (F = 0.75, P = 0.4775) and phrenic nerve (F = 1.79, P = 0.1761) CMAP amplitudes, or the ALSFRS-R scale (F = 0.48, P = 0.6211; Table S3 ). However, similar to the FVC%, the repeated-measures ANOVA revealed a significant time × treatment effect for the bulbar (F = 4.51, P = 0.0148) and respiratory (F = 5.36, P = 0.0071) subscores of the ALSFRS-R scale. Therefore, both bulbar functions and respiratory function are significantly influenced by the administration of PEA, achieving a slowdown in the worsening of symptoms over time compared with the untreated group (Table S3) . Analysis of the cumulative proportion of survivors in need of respiratory assistance showed that death and tracheotomy occurred more frequently in untreated than in PEA-treated patients (F = 2.01; P = 0.05) (Fig. S1 ) in the 6-mo follow-up period after 6 mo of PEA treatment.
Discussion
This study suggests that muscle AChRs can be a target for ALS pharmacological therapy. Our concept is supported by evidence of the role of AChRs in the degeneration of NMJs. Particularly noteworthy are the observations that alterations in neuromuscular transmission can be found before the onset of motor symptoms (4) and that AChR blockade with αBuTX produces changes in motoneuron excitability equivalent to those observed following axotomy (16) . In the light of this evidence, the possibility of targeting AChRs in the therapy of neuromuscular disorders becomes an interesting research topic and strongly implies the need for a deeper knowledge of the molecular mechanisms that underlie impairment of AChRs in human muscle. Nevertheless, the study of ALS patients has remained a very difficult issue to tackle, mainly because of technical difficulties and ethical concerns.
To overcome these limitations, we took advantage of the microtransplantation technique, injecting human muscle membranes into Xenopus oocytes. This approach allowed us to study functional AChRs isolated from muscle biopsies of ALS patients and non-ALS denervated controls. We show that (i) PEA, an eCB-related molecule, can reduce the desensitization of AChRs in both ALS and non-ALS human samples; (ii) this compound is more effective on human e-AChRs than on γ-AChRs; (iii) the α1 AChR subunit is up-regulated in ALS patients compared with non-ALS individuals, suggesting a different AChR composition in ALS muscle; (iv) PEA treatment of a selected group of ALS patients for 6 mo slowed their respiratory impairment, affecting the FVC and delaying the need for tracheotomy. Indeed, although numerous articles have been published on the role of eCBs (i.e., lipid mediators and derivatives) in the therapy of neurological diseases (17) , this study is the first, to our knowledge, to investigate whether the eCB PEA can affect muscle function both at the molecular level and in clinical practice using a large cohort of patients.
We demonstrate that PEA affects AChR function, decreasing desensitization of ACh evoked-currents after repetitive neurotransmitter application. Excessive receptor desensitization can be detrimental for its function; thus the observed effect can be relevant because it promotes the stability of AChR function that in turn may contribute to the conservation of muscle excitability. Because we did not find a difference between the application of PEA and the coapplication of PEA and riluzole, we exclude the possibility that the two drugs have a synergistic effect on AChR desensitization. PEA is a fatty acid ethanolamide formed by membrane phospholipids, and it is well known that fatty acid can bind to ligand-gated channels on allosteric sites, inducing a modulation of the receptors' activated currents (18) . Our data show that PEA can induce a reversible decrease in ACh-evoked currents, changing the rate of current inactivation. A similar current decrease has been reported previously for the cannabinoid anandamide on neuronal nicotinic AChRs (19) . Therefore, we hypothesize that PEA can decrease ACh current rundown by stabilizing a portion of the ACh current that desensitizes when the AChRs are repetitively stimulated. Further experiments will be necessary to elucidate this point better. Moreover, whether the effects of eCBs are mediated by binding to the ion channels or by affecting the properties of the lipid membrane remains an open question (18) .
In innervated muscle fibers, AChRs are formed by α1β1eδ subunits and are densely packed at the endplate (7), whereas in denervated muscle cells AChRs are formed also by α1β1γδ subunits with an almost uniform distribution over the entire sarcolemma (8, 20, 21) . Therefore, in muscle from ALS patients, variable proportions of γ-and e-AChRs are present, reflecting cycles of denervation/reinnervation (5, 22) . Interestingly, we found a selective PEA effect on oocytes expressing e-AChRs, suggesting that it is not mediated by "microtransplanted" accessory proteins and/or signaling molecules. These data are particularly relevant because γ-AChRs activity can impair motor neuron survival (23) (24) (25) . Thus, it is reasonable to suppose that selective PEA action on e-AChRs could contribute to the maintenance of functional NMJs.
We found a fourfold increase in the expression of the α1 AChR subunit in ALS muscle by qPCR. We previously reported a significant decrease in ACh sensitivity in oocytes injected with ALS muscle membranes compared with those injected with non-ALS membranes (5). When we mimicked this increase by expressing AChR subunits in Xenopus oocytes, we found reduced ACh sensitivity comparable to that found on microtransplanted ALS membranes (5) . This evidence supports the hypothesis that ALS denervation induces changes at the NMJ that are not present after denervation resulting from other neuropathies or trauma.
PEA was shown previously to be able to improve the pulmonary function and clinical condition of a single ALS patient (13) . In our study we observed that PEA treatment for 6 mo in a large cohort of ALS patients slowed their decline in pulmonary Table S2 ) and PEA-treated (○ , Table S2 ) patients at baseline (0) and after 12 and 24 wk of treatment. Data are normalized to the baseline value in each patient; values are expressed as mean ± SEM. The decrease in FVC% was higher in untreated patients than in PEA-treated patients (repeated measures ANOVA, F = 4.46, P = 0.0154 for time × treatment effect), indicating that the disease progressed more slowly during the 24-wk follow-up in patients receiving PEA. function as measured by FVC%. Typically, the diaphragm and, to a lesser extent, the intercostal muscles of ALS patients are the last muscles to be paralyzed: symptoms of respiratory defect do not appear until the ultimate stages of the disease (26) . PEA may have a selective effect on diaphragmatic muscle because it continues to be active until death. In our study CMAP amplitudes recorded by phrenic and ulnar nerve stimulation were not different between untreated and PEA-treated patients over time. This finding suggests that the PEA effect reported here is determined mainly by direct action on NMJs of muscle membrane rather than a nerve-mediated effect leading to regeneration and collateral sprouting of peripheral nerve fibers. Taken together, our molecular, electrophysiological, and clinical observations pave the way for new research opportunities that may lead to a better understanding of ALS-mediated mechanisms and to the development of new therapeutic approaches.
Materials and Methods
Patients. All patients were recruited and examined by the neurologists at the Rare Neuromuscular Disease Unit of the Policlinico Umberto I, Sapienza University, Rome, and provided written informed consent. See SI Text for further details.
The clinical characteristics derived from the patients' medical records are summarized in Table S1 . The number assigned to each patient is reported in the text for each experiment using the # symbol and is referred to Table S1 . All patients provided informed consent to use part of the biopsy material for our experiments. Tissue was obtained and used in accordance with the Declaration of Helsinki, and the human subjects Ethical Committee of Sapienza University approved the selection process and technical procedures (reference 3314/25.09.14; protocol no. 1186/14). The study is registered on ClinicalTrials.gov, https://clinicaltrials.gov, ID: NCT02645461.
We conducted a 6-mo, randomized, single-blinded study of patients with probable or definite ALS according to El Escorial diagnostic criteria (27) . We screened 120 patients and recruited 64 patients (29 females, 35 males) that were analyzed at the ALS Centre of Policlinico Umberto I, University of Rome Sapienza.
To preserve blindness, each patient was followed by two physicians: a treating physician, who was aware of the treatment allocation, administered the dose of PEA, and observed for adverse events, and an evaluating physician, who was not aware of treatment allocation and performed all clinical assessments.
Patients were randomly assigned to one of two groups: to receive 50 mg riluzole plus 600 mg PEA (ultramicronized) twice daily or to receive riluzole only. Visits were performed at 0 (randomization), 3, and 6 mo. The main outcome analysis was performed in all randomized patients and by intentionto-treat for the patients stratified by severity and onset. Additional details are given in SI Text.
Membrane Preparation, Injection Procedures, and Electrophysiological Recordings from Oocytes. Human muscle specimens (10-50 mg) were frozen in liquid nitrogen immediately after biopsy and stored at −80°C. Membranes were prepared as previously described (14, 28) . Preparation of Xenopus laevis oocytes and cytoplasmic injection procedures were as described elsewhere (28) . The use of female Xenopus laevis frogs conformed to institutional policies and the guidelines of the Italian Ministry of Health (authorization no. 78/2015-PR).
In other experiments human recombinant α1, β1, e, δ, or α1, β1, γ, δ cDNAs (pCDNA plasmids) were intranuclearly injected as previously reported (6) . Membrane currents were recorded from voltage-clamped oocytes 24-48 h after injection using two microelectrodes filled with 3 M KCl. The oocytes were placed in a recording chamber (0.1 mL volume) and were perfused continuously, 9-10 mL/min, with oocyte Ringer's solution (OR) (5) at room temperature (20-22°C). Unless otherwise specified the oocytes were voltage-clamped at −60 mV. Decreases in I ACh during repetitive ACh applications (500 μM for 7 s at 60-s intervals) were quantified by expressing the peak amplitude of the sixth response as a percent of the peak amplitude of the first response.
The ACh concentrations producing half-maximal effect (EC 50 ) were estimated by fitting the data to Hill equations, using least-square routines as previously described (5) .
α-BuTX, ACh, PEA, and riluzole were dissolved in OR just before use. Where not indicated, drugs were purchased from Sigma. Data were analyzed using Sigma Plot software and are given as means ± SEM; datasets are considered statistically different when P < 0.05 (ANOVA test).
RNA Isolation and qPCR. Muscle samples of 12 ALS patients and 12 denervated controls were used for RNA isolation (Table S1 ). Samples were resuspended in 600 μL Qiagen RLT buffer, were placed in a tube containing Lysing Matrix M (MP Biomedicals, catalog no. 116923050) and were homogenized in a Fast Prep apparatus (MP Biomedicals) for 40 s at a speed of 6.5 m/s. RNA isolation was performed following the manufacturer's instructions (Protocol: Purification of Total RNA from Animal Tissues; RNeasy catalog no. 74104). A DNase-treatment step was included to eliminate any traces of genomic DNA. Total RNA was eluted in 35 μL of RNase-free water. In accordance with the Minimum Information for publication of Quantitative real-time PCR Experiments (MIQE) guidelines (29), 5 μL was used to calculate the concentration by nano-drop and RNA integrity number (RIN) (30) . Only samples with a RIN of 7 or higher were considered for subsequent steps. Relative expression levels of AChR subunit α1, β1, γ, δ, and e mRNAs were evaluated by qPCR. iScript (BioRad) was used to obtain cDNA from 2 μg of RNA. The resulting cDNA was used as a template to perform qPCR in triplicate with the SYBR Green mix from BioRad and an iCycler real-time PCR machine (two-step qPCR, 94C 15 s, 68C 30 s, for 40 cycles). For data analysis, threshold cycles obtained by qPCR were normalized against GAPDH and used to calculate relative amounts of neurotransmitter receptor transcripts using the method described by Thomsen et al. (31) , and its statistical significance was calculated by t test. These experiments were performed in a blind procedure by J.M.R.-R.
